Long noncoding RNAs (LncRNAs), including MALAT1, are critical regulators of tumor development. However, the roles and molecular mechanisms of LncRNAs in cutaneous squamous cell carcinoma (cSCC) remain underexplored. In this study, functional studies using in vitro cellular and in vivo xenograft models confirmed the pro-carcinogenic roles of MALAT1 in cSCC. Further, MALAT1 was identified to regulate epidermal growth factor receptor (EGFR) protein expression but did not affect EGFR mRNA expression. Transcriptomic sequencing identified kinectin 1 (KTN1) as the key mediator for MALAT1 regulation of EGFR. Mechanistic study revealed that MALAT1 interacts with c-MYC to form a complex and directly binds to the promoter region of KTN1 gene and enhances its transactivation to positively regulate EGFR protein expression. Our findings, therefore, establish a novel c-MYC-assisted MALAT1-KTN1-EGFR axis, which contributes to cSCC development and may serve as novel target for therapeutic intervention.
Introduction
Cutaneous squamous cell carcinoma (cSCC) represents the second most common cancer worldwide with an annual accidence over one million individuals [1, 2] . cSCC most frequently develops in skin that receives chronic sun exposure and generates ultraviolet (UV)-induced DNA damage in epidermal keratinocytes, leading to the development cSCC and metastases may eventually develop [1, 3] . However, the underlying molecular mechanism responsible for the development of cSCC remains obscure.
Recently, LncRNAs longer than 200 nucleotides have been shown to play critical roles in pathophysiological processes, e.g., neurogenesis, myogenesis, and carcinogenesis [4] . LncRNAs can act as a scaffold to tether and coordinate different factors for specific regulatory functions like HOTAIR or as a guide for recruiting transcription factors and their co-factors to specific sites of chromatin to regulate the expression of downstream genes and further influence the malignant hallmarks of cancer like LincRNA-p21 [5, 6] .
Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), a 8000 nt-long single-exon noncoding transcript highly expressed in nucleus, is upregulated in many solid cancers and regulates alternative splicing or transcription to promote cancer progression, metastasis, and recurrence [7] [8] [9] . In lung cancer, the migration and metastasis capacity of tumor cells was markedly compromised in MALAT1deficient cells owing to the decreased expression of proliferation, invasiveness, and metastasis-related genes [10] . Notably, MALAT1 functions as a scaffold by associating with histone modifiers such as LSD1, SET2, and MLL to regulate E2F-dependent target gene expression [11] and also serves as a ''nuclear hub'' for storage and/or sequestration of RNA-binding proteins [9] . However, the roles of MALAT1 in cSCC still remains poorly understood.
In this study, MALAT1 was characterized to be highly expressed in cSCC tumors and cell lines. Depletion of MALAT1 repressed the proliferation, migration, and invasiveness but promotes apoptosis in cSCC. Further investigation revealed that significantly upregulated EGFR protein is modulated by MALAT1 in cSCC. Transcriptomic analysis identified kinectin 1 (KTN1) as the key mediator for MALAT1 regulation of EGFR. MALAT1 physically interacts with c-MYC, promotes its chromatin recruitment, and binds directly to the KTN1 promoter region to transactivate KTN1 expression for enhancing EGFR protein expression. In vivo and in vitro identification of this novel MALAT1-KTN1-EGFR axis deepens our understanding of the pivotal roles of LncRNAs in cSCC progression and also provides new target for anti-cancer intervention.
Results

MALAT1 is induced by UVB irradiation and highly expressed in cSCC cells and tumors
To screen LncRNAs potentially functioning in cSCC, we collected diseased-related LncRNAs list from LncRNADisease database (http://cmbi.bjmu.edu.cn/lncrnadisease) [12] , analyzed with GenClip 2.0 (http://ci.smu.edu.cn/GenCLiP2/) [13] and obtained ten most-studied LncRNAs (Supplementary Fig. S1a ). Quantitative reverse transcription PCR (qRT-PCR) detection indicated that MALAT1 is stably and markedly higher expressed in all cSCC cell lines with similar folds compared with other LncRNAs, which may indicate its tightly relationship with cSCC development ( Fig. 1a and Supplementary Fig. S1b -j). To investigate the relationship between UV exposure and MALAT1 expression, HaCaT keratinocytes were treated with ultraviolet B (UVB) and checked for the expression of MALAT1. As predicted, MALAT1 was continuously induced by UVB treatment ( Supplementary Fig. S2a ). Interestingly, this continuous induction profiles of MALAT1 were also detected in both of the A431 and HSC-1 cSCC cell lines after UVB exposure ( Supplementary Fig. S2b, c) .
Consistent with the cellular results, MALAT1 exhibited much higher expression in cSCC primary tumors compared to normal tissues ( Fig. 1b ). Further, MALAT1 expression was also examined in paraffin-embedded sections of 80 cSCC and ten normal specimens by in situ hybridization (ISH). Nuclear-localized positive signals of MALAT1 at various levels (weak, moderate, or strong) were shown in all tumors examined, whereas all of the normal skin specimens showed weak MALAT1 signals ( Fig. 1c ). Scoring of MALAT1 staining revealed that it correlates positively with the ascending cSCC grades. Specifically, an evident increasing trend was observed across normal tissue and the early grades of cSCC (grade I and II) (P < 0.05), and also extended to late stage cSCC (III and IV) (P < 0.05) ( Fig. 1d ). Collectively, the above results suggest that UV-inducible MALAT1 is upregulated in cSCC cells and primary tumors.
MALAT1 promotes proliferation, migration, and invasiveness but represses apoptosis of cSCC cells
The upregulation of MALAT1 in cSCCs implied that it may play an oncogenic role in cSCC development. To test this notion, significant knockdown of MALAT1 RNA was achieved using antisense oligonucleotides (ASOs), which led to the significant decreases of cell proliferation and colony formation capacity were detected after MALAT1 knockdown in both A431 and HSC-1 cell lines ( Fig. 2a-c and Supplementary Fig. S3a ). Furthermore, much slower wound closure of the monolayer in wound-healing assay, fewer cells penetrating of the membrane pores in transwell assay and fewer cells penetrating the gel layer in Matrigel invasiveness measurement after MALAT1 knockdown indicated the significant inhibition of migration and invasiveness abilities in both A431 and HSC-1 cSCC cells ( Fig. 2d-f and Supplementary Fig. S3b-d ). To further explore the roles of MALAT1 in cSCC, we did gain-offunction validations and confirmed that MALAT1 promotes proliferation, migration, and invasiveness in both A431 and HSC-1 cells (Supplementary Figs. S4a-f and S5a-f).
To assess the effect of MALAT1 on apoptosis of cSCC cells, Annexin V/propidium iodide (PI) double staining revealed that knockdown of MALAT1 induced a reduction in the living cell population along with an accompanying increase in the apoptotic population, while overexpression of MALAT1 significantly repressed apoptosis in both A431 and HSC-1 cells ( Fig. 2g and Supplementary Figs. S3e, S4g, and S5g). To explore the potential mechanisms leading to apoptosis by MALAT1 knockdown, we detected the variations of master factors in STAT3, PI3K, AKT, and mTOR signaling pathways. From the results, the PI3K pathway was significantly influenced in both overexpression and knockdown of MALAT1 conditions ( Supplementary Fig. S6a, b ). Consistently, PI3K inhibitor LY294002 treatment led to much higher apoptotic rate in addition to MALAT1 depletion-induced apoptosis ( Fig. 2h and Supplementary  Fig. S6c ). Altogether, the above data demonstrated that MALAT1 plays pro-carcinogenic roles in cSCC.
EGFR protein is regulated by MALAT1
As the A431 cell line is featured in EGFR gene amplification [14] , the strong tumor-suppressive effect by MALAT1 depletion suggested that EGFR might be regulated by MALAT1. To test this hypothesis, IHC and western blot assays were firstly performed and revealed that EGFR protein is higher expressed in cSCC tumors than in normal skin tissues ( Fig. 3a, b ), which coordinated with MALAT1 expression in cSCC ( Fig. 1d ). Importantly, loss of MALAT1 led to the significant downregulation of EGFR protein expression, which clearly indicated that MALAT1 may directly or indirectly regulate EGFR expression ( Fig. 3c ). In contrast, qPCR detection was unable to confirm a significant downregulation of EGFR mRNA expression upon MALAT1 knockdown ( Fig. 3d ), which is consistent with previous studies [10, 15] . Based on these results, we concluded that nucleus-localized MALAT1 might regulate the protein expression but not the mRNA expression of EGFR.
MALAT1 mediates transcriptomic changes in cSCC cells
To characterize MALAT1-mediated transcriptomic changes in cSCC cells, transcriptomic sequencing (RNA-Seq) was conducted after MALAT1 knockdown. The quality of RNA-Seq was shown by more than 90% of the reads mapped to exonic regions, which excluded the contamination of genomic DNA and unspliced pre-mRNA and indicated high specificity of MALAT1 effects on expressed mRNA ( Supplementary Fig. S7 ). Initial analysis of differentially expressed genes with P-value < 0.05 identified that 147 genes were upregulated, whereas 195 were downregulated ( Fig. 3e, f and Supplementary Table 1 ). Further analysis with more stringent q-value ( < 0.05) yielded a total of 23-upregulated and 16-downregulated genes, respectively (Supplementary Table 2 ). The 16-downregulated gene list was subsequently submitted to the DAVID Bioinformatics Resources (https://david.ncifcrf.gov) for Gene Ontology (GO) analysis. The functional annotation chart revealed that ''endomembrane system'', ''phosphoprotein'', and ''coiled coil'' were ranked as the top three GO categories, which shared four common genes: CENPF, KTN1, TPR, and GOLGB1 ( Fig. 3g and Supplementary  Table 3 ). These four genes were consistently downregulated in subsequent qRT-PCR validation experiments in concordance with MALAT1 knockdown (Fig. 3h ). Specially, KTN1 is functionally associated with protein synthesis by association with the EEF-1 complex [16] , indicating KTN1 may participate in the regulation of EGFR protein expression by MALAT1. Importantly, the specific downregulation of KTN1 upon MALAT1 knockdown was also verified by another RNA-seq analysis in HSC-1 cSCC cell line, while the EGFR RNA expression is still not influenced ( Supplementary Fig. S8 ). These observations suggested that MALAT1 potentially targets KTN1 to regulate EGFR protein expression.
KTN1 represents the key mediator for MALAT1regulated EGFR protein expression and tumor progression in cSCC
KTN1 was significantly downregulated upon MALAT1 knockdown at both RNA and protein levels ( Fig. 4a, b ). Also, western blot and IHC assays revealed that KTN1 were highly expressed in cSCC tumors ( Fig. 4c, d) , which indicates a potential relationship of EGFR and KTN1 together with highly expressed MALAT1 in cSCC tumors ( Fig. 1d ). To explore whether KTN1 serves as the mediator for MALAT1 regulation of EGFR, RNA interference of KTN1 using siRNA oligos was performed and a marked loss of KTN1 protein was detected in siKTN1-transfected cells compared with NC treatment (siNC) ( Fig. 4e ). As expected, EGFR protein expression levels were downregulated together following KTN1 depletion. However, knockdown of KTN1 had no effect on the RNA expression of EGFR ( Fig. 4f ). Notably, knockdown of KTN1 inhibited cell proliferation, migration, and invasion, which is consistent with the effects of MALAT1 depletion ( Fig. 4g-i) . The MALAT1-KTN1-EGFR regulatory axis and the procarcinogenic function of KTN1 were also validated in another cSCC cell line HSC-1 ( Supplementary Fig. S9a-g) .
To explore if the above finding is widely existed in different types of cancers, we also knocked down MALAT1 and then detected KTN1 and EGFR expression in cervical cancer cell line Hela and melanoma cell line A375. As expected, depletion of MALAT1 significantly downregulated KTN1 and EGFR protein expression, whereas KTN1 mRNA was also knocked down but no change was observed in EGFR mRNA expression ( Supplementary  Fig. S10a, b) .
To further confirm the regulatory mechanism, we performed gain-of-function study. As expected, EGFR protein expression levels were significantly upregulated following MALAT1 overexpression. Yet, overexpression of MALAT1 still had no effect on the EGFR mRNA expression while KTN1 mRNA level was significantly increased in both A431 and HSC-1 cSCC cell lines (Supplementary Figs. S11a, b and S12a, b).
Altogether, the above results indicated that KTN1 regulates EGFR at the protein level but not at the RNA level, which is consistent with the role of MALAT1 and clearly indicated that KTN1 serves as the mediator of MALAT1 function in regulating EGFR protein expression.
MALAT1 directly interacts with c-MYC and binds to the promoter region to transactivate KTN1
To explore the mechanism of MALAT1 regulation of KTN1, ChIRP assay with both odd and even tiling oligos against MALAT1 was performed. The results demonstrated that endogenous MALAT1 RNA but not glyceraldehyde-3phosphate dehydrogenase (GAPDH) RNA was retrieved from chromatin, whereas negative control LacZ tiling oligos retrieved no MALAT1 RNA ( Fig. 5a ). At the same time, a significant amount of genomic DNA corresponding to the KTN1 promoter region was obtained whereas no GAPDH locus sequences were retrieved; in comparison, LacZ ChIRP retrieved no signal in either locus ( Fig. 5b ). We also validated the specific binding of MALAT1 to the KTN1 promoter using HSC-1 cell lines and obtained similar results ( Supplementary Fig. S13a-d ). These results indicated that MALAT1 physically interacted with the promoter region of KTN1, suggesting the occurrence of potentially direct regulation at the transcriptional level.
To investigate the interacting protein partner(s) of MALAT1 at the target loci, we interrogated the KTN1 promoter region in UCSC genome browser (https://genome. ucsc.edu/) for candidate. Among the transcription factors binding to KTN1 promoter region, c-MYC exhibits relatively strong binding across the transcriptional start site of KTN1 as does its dimerization partner, MYC-associated protein X (MAX) ( Supplementary Fig. S14 ). Notably, the core motif for c-MYC-MAX heterodimer binding, the E-box sequence (CGCGTG), was also identified within the predicted c-MYC binding region ( Fig. 5c ) using the rVista 2.0 web tool [17] . The physical binding of c-MYC at the E-box site was confirmed by electrophoretic mobility shift assay (EMSA) (Fig. 5d ). Subsequent result from chromatin immunoprecipitation (ChIP)-qPCR clearly confirmed that c-MYC directly binds at the KTN1 Fig. 2 Knockdown of MALAT1 inhibits cell proliferation, mobility, migration, and invasion but promotes apoptosis of both A431 and HSC-1 cells. a Knockdown of MALAT1 in A431 and HSC-1 cells by MALAT1 ASO1 and MALAT1 ASO2 was determined by qRT-PCR assay. b CCK-8 assay determination of A431 and HSC-1 cell proliferation in response to MALAT1 knockdown. c Monolayer colony formation assay showing that MALAT1 knockdown significantly decreased the colony formation capacity of A431 and HSC-1 cells. The colony numbers were counted and recorded. d Wound-healing assay showing that knockdown of MALAT1 significantly decreased the wound closure ability of A431 and HSC-1 cells at both 6 and 12 h. e Transwell assay indicated that MALAT1 knockdown suppressed A431 and HSC-1 cell motility. f Matrigel invasion assay indicated that MALAT1 knockdown drastically inhibited A431 and HSC-1 cell invasiveness. g Flow cytometric analysis using Annexin V/PI staining showing that MALAT1 silencing significantly increased the apoptosis of A431 and HSC-1 cells (*P < 0.05, **P < 0.01 with LSD test of oneway ANOVA). h PI3K inhibitor LY294002 treatment led to much high apoptotic rate in addition to MALAT1 depletion-induced apoptosis. All statistical data represent the average of three independent experiments ± s.d. *P < 0.05, **P < 0.01, ***P < 0.001 promoter region and this enrichment is specifically decreased in response to the depletion of c-MYC (Fig. 5e ). Further, to verify whether MALAT1 is required for the binding of c-MYC at KTN1 promoter, ChIP assay was performed and showed that c-MYC binding enrichment decreased upon MALAT1 depletion (Fig. 5f) . Importantly, the above molecular mechanism was also verified in another cSCC cell line HSC-1 ( Supplementary Fig. S13a-g) . Thus, the binding of c-MYC at KTN1 promoter is dependent on MALAT1.
To investigate whether MALAT1 directly interacts with c-MYC, an RNA pull-down assay was performed from native non-cross-linked cell lysates using in vitrosynthesized and biotinylated RNA fragments of MALAT1.
Western blot analysis confirmed that c-MYC could directly bind to fragments 2 and 3 of MALAT1, whereas the bead control, GFP, and fragment 1 showed no signal (Fig. 5g) . The interaction between MALAT1 and c-MYC was further strengthened by the results of RNA immunoprecipitation (RIP) using a c-MYC antibody (Fig. 5h) . To verify whether c-MYC is required for the regulation of KTN1 by MALAT1, depletion of c-MYC was performed and led to drastic loss of KTN1 and EGFR protein expression in both A431 ( Fig. 5i ) and HSC-1 ( Supplementary Fig. S13h ). Collectively, our findings demonstrate that c-MYC is critical for MALAT1 regulation of KTN1 and the further downstream regulatory control of EGFR.
In vivo function of the MALAT1-KTN1-EGFR regulatory axis
To validate the pro-carcinogenic role of MALAT1-KTN1-EGFR axis in vivo, loss of MALAT1 was achieved by injecting MALAT1 ASO into xenograft tumors established in immunocompromised mice. The injections were repeated every other day for 24 days. Significant differences in tumor volumes could be observed after 5 days and persisted until the experimental endpoint ( Fig. 6a ), at which point NC ASO injected tumors were much larger than those injected with MALAT1 ASO (n = 5; P = 0.00156) ( Fig. 6b ). Tumors were harvested and resected for further evaluation. qRT-PCR and ISH staining revealed that MALAT1 ASO oligo injection effectively led to significant losses of MALAT1 expression ( Fig. 6c, d) . Western blot and IHC staining indicated that the protein expression of MALAT1 downstream targets, including KTN1 and EGFR, was drastically downregulated in response to MALAT1 depletion (Fig. 6e, f) . The existence of MALAT1-KTN1-EGFR regulatory axis was also verified in vivo using another MALAT ASO ( Supplementary Fig. S16 ). Importantly, MALAT1 overexpression promoted tumor growth when compared with the vector control ( Supplementary Fig. S17a ). Tumor size and mass were evidently smaller at the end of evaluation ( Supplementary Fig. S17b ). MALAT1 overexpression, as shown by qRT-PCR and ISH staining ( Supplementary Fig. S17c, e ), significantly enhanced the expression of KTN1 and EGFR proteins as shown by western blot and IHC staining ( Supplementary Fig. S17d, f ).
Discussion
The functional and pathophysiological relevance of LncRNAs have been proposed by increasing evidence linking the dysregulation of LncRNAs with diverse human diseases from diabetes complications to cancers by regulating alternative splicing, nuclear organization, and epigenetic modulation of gene expression [9, 18] . Yet, the role of MALAT1 in the tumorigenesis and pathogenesis of cSCC remains underexplored.
Serving as an activator of the MAPK, PI3K, and KRAS pathways, EGFR contributes to proliferation and metastasis of cancer cells and can be activated upon UV exposure [19] . Blockade of EGFR function inhibits the subsequent activation of EGFR downstream signaling cascades, which makes EGFR to be an optimal target for cancer therapy including cSCC [20] . Considering the importance of EGFR in cSCC development, the regulatory mechanisms controlling EGFR protein expression is still unclear in cSCC. In this study, our results showed that the loss of pro-carcinogenic MALAT1 led to the inhibition of EGFR protein expression but does not affect EGFR mRNA expression.
LncRNAs have been shown to regulate protein synthesis or stability. LncMyoD directly binds to IGF2-mRNAbinding protein 2 (IMP2) and negatively regulates IMP2-mediated translation of proliferation factors such as N-Ras and c-Myc [21] . Hypoxia and HIF-1α-induced lincRNA-p21 functions in disrupting the VHL-HIF-1α interaction by binding to HIF-1α, which compromises VHL-mediated HIF-1α ubiquitination and degradation to stabilize HIF-1α under hypoxic conditions [6] .
Despite the well-explored but rarely occurred genetic alterations like mutations can led to the dysregulation of EGFR, the aberrant expression of EGFR in various types of cancers suggests the existence of one or several more general pathophysiological mechanisms for regulating EGFR expression. Whether MALAT1 regulates EGFR is an interesting pathophysiological question. MALAT1 and Fig. 3 Genome-wide analysis by RNA-Seq of transcriptome changes consequent to MALAT1 knockdown to identify the mediator for MALAT1 regulation of EGFR protein expression. a EGFR was detected in normal tissues and cSCC tumors by western blot, which indicated that EGFR are overexpressed in cSCC tumors. b EGFR was detected in normal tissues and cSCC tumors by IHC. Representative images confirmed that EGFR is overexpressed in cSCC tumors. c Western blot analysis indicated that EGFR protein expression was significantly downregulated upon MALAT1 knockdown. d qRT-PCR showing that depletion of MALAT1 did not affect the mRNA expression of EGFR. Total RNAs were analyzed by qRT-PCR for MALAT1 and EGFR expression. e Total RNAs were isolated from A431 cells treated with NC ASO or MALAT1 ASO oligos and subjected to high throughput mRNA sequencing. Differentially expressed genes are shown by volcano plot. f Differentially expressed genes were clustered and shown in a heat map. Color bars at the right represent gene clusters established through k-means clustering. The cluster heat map uses the FPKM as the input value for hierarchical clustering analysis. The log10(rpkm + 1) is input into the pheatmap module of the R package. The software normalizes the FPKM values of all samples. The maximum value is normalized to 1, and the minimum value is normalized to -1 to indicate the expression profiles of differential genes or differential transcripts under different experimental conditions. g Overrepresented Gene Ontology categories by Gene Ontology analysis of differently expressed genes. BP: biological process; MF: molecular function; CC: cellular component; KEGG: Kyoto Encyclopedia of Genes and Genomes. "Endomembrane system" is highlighted. h Validation of MALAT1 and four downregulated common genes in ''endomembrane system'', ''phosphoprotein'', and ''coiled coil'' categories by qRT-PCR. All statistical data represent the average of three independent experiments ± s.d., while the standard error of the mean (s.e.) was used in h. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars, 100 µm EGFR were both downregulated in response to the depletion of tumor necrosis factor-α-inducible protein 8 (TNFAIP8), but no mechanism was proposed [22] .
MALAT1 is highly expressed in hepatocellular carcinoma (HCC) and acts as competing endogenous RNA (ceRNA) for miR-195. As EGFR is the direct downstream target of Fig. 4 KTN1 mediates MALAT1 regulation of EGFR in cSCC. a RNA expression of MALAT1 and KTN1 was examined in A431 cells with two different MALAT1 ASOs by qRT-PCR. b KTN1 protein expression was examined in MALAT1 depleted A431 cells by western blot, which showed significant loss of KTN1 in response to MALAT1 knockdown. c KTN1 was detected in normal tissues and cSCC tumors by western blot. d KTN1 expression was detected in normal tissues and cSCC tumors by IHC. Representative images confirmed that KTN1 is overexpressed in cSCC tumors. e RNA interference (RNAi) with siRNAs targeting KTN1 was applied to A431 cells and the protein expression of KTN1 and EGFR was detected using western blot. f RNA expression of KTN1 and EGFR was analyzed by qRT-PCR to determine the efficiency and specificity of KTN1 RNA knockdown. g CCK-8 assay determination of A431 cell proliferation in response to KTN1 knockdown (*P = 0.0480 with Dunnett T3 test of one-way ANOVA). h Transwell assay of A431 cell motility following KTN1 knockdown. i Matrigel invasion assay of A431 cell invasiveness following KTN1 knockdown. All statistical data represent the average of three independent experiments ± s.d. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars, 100 µm miR-195, knockdown of MALAT1 led to increased free miR-195 and downregulation of EGFR. The identification of MALAT1-miR-195-EGFR axis suggested a new mechanism about how MALAT1 indirectly regulates EGFR in HCC [23] . Another report proposed that overexpression of EGFR by increasing EGFR mRNA translation can be induced by the hypoxic microenvironment and activation of hypoxia-inducible factor-2α (HIF-2α) in tumors [24] . Interestingly, a positive MALAT1/HIF-2α feedback circuit contributing to carcinogenesis has been identified [25] , which suggests MALAT1 may regulation EGFR expression through HIF-2α-mediated pathway. It is worth to emphasize that hypoxic microenvironment or HIF-2α does not regulate EGFR mRNA expression but its translation [24] . Thus, the indirectly regulation of EGFR expression by MALAT1 may be performed through miRNAs at the posttranscriptional level or activation of hypoxic regulators at the translational level. In this study, as nucleus-localized MALAT1 does not regulate EGFR mRNA and the protein synthesis machine localizes in cytoplasm, we assumed that a mediator manipulating the protein synthesis of EGFR is transcriptionally regulated by MALAT1. Transcriptomic sequencing and subsequent studies confirmed the role of KTN1 in mediating the regulation of EGFR protein expression by MALAT1. Thus, the different indirect regulatory mechanisms proposed in our and other studies may suggest the exact mechanism about how MALAT1 regulates EGFR is cancer-specific.
As an integral endoplasmic reticulum (ER) membrane protein, KTN1 belongs to the kinectin protein family and serves as a receptor for molecular motor kinesin to facilitate in microtubule-based vesicle transportation and membrane trafficking [26] . This protein also binds translation elongation factor-delta and may be involved in the assembly of the elongation factor-1 complex [16] . In this study, the drastic downregulation of EGFR protein expression after KTN1 knockdown suggested that KTN1 acts as the critical mediator in the MALAT1-KTN1-EGFR axis for promoting cSCC progression. Our finding is in line with the function of ER-localized KTN1 in regulating protein synthesis [16] and suggested an open question: how does KTN1 interact with the protein translation machinery to influence ER-to-Golgi-regulated protein processing flux and determine the final protein output like EGFR? Especially, this regulatory axis is also existed in cervical cancer and melanoma cells, which indicates the conservation of this mechanism at least in several types of cancers checked in this study.
First discovered in the 1980s, c-MYC is a pivotal regulator in tumorigenesis of up to 70% of all cancers [27] . Elevated expression of c-MYC predicts aggressive disease and a poor clinical outcome in many cancers [28] as well as in cSCC [29] . c-MYC protein can dimerize with MAX to the E-box element [30] and acts as a global regulator involved in cell cycle regulation, mitochondrial function, metabolism, protein synthesis, and ribosome biogenesis [31, 32] . Several reports have shown that c-MYC can bind to the promoter regions of LncRNAs including the imprinted maternally expressed transcript H19 and colon cancer-associated transcripts 1 (CCAT1), and transcriptionally regulate their expression [33, 34] . In addition, c-MYC also physically associates with a LncRNA, prostate cancer gene expression marker 1 (PCGEM1), to transcriptionally promote metabolism by enhancing multiple metabolic pathways [35] . In this study, c-MYC is identified as key interacting partner of MALAT1 to bind the promoter region of KTN1 and regulate its expression. Interestingly, c-MYC was also reported to transcriptionally activated MALAT1 by binding to MALAT1 promoter, which contributes to a novel SYK/c-MYC/MALAT1 pathway to promote Ewing Sarcoma [36] . Such findings together with our findings suggest that c-MYC not only epigenetically transactivates MALAT1 expression, but also directly interacts with MALAT1 to promote KTN1 expression for enhancing EGFR protein expression.
Collectively, our findings revealed a novel mechanism wherein MALAT1 interacts with c-MYC to transactivate KTN1 for enhancing EGFR protein expression, which finally contributes to the development of cSCC (Fig. 6g ). The positive regulatory axis of MALAT1-KTN1-EGFR identified in this study may provide novel drug targets for anti-cSCC therapy.
Materials and methods
Details for tissue samples, Ultraviolet B treatment, cell proliferation assay, colony formation assay, wound-healing assay, apoptosis analysis, cell migration assay, cell invasiveness assay, DNA constructs, in vitro transcription, in situ hybridization (ISH), RNA-sequencing, RNA immunoprecipitation (RIP) assay, RNA pull-down assay, ChIP-qPCR analysis, electrophoretic mobility shift assay (EMSA), chromatin isolation by RNA purification (ChIRP) assay, xenograft mouse model, immunoblotting, and immunohistochemistry assays are included in Supporting Information. 
RNA isolation and real-time quantitative PCR
Total RNAs from cells were extracted using TRIzol reagent (Life Technologies) according to the manufacturer's instructions. cDNAs were prepared using MMLV Reverse Transcriptase (Life Technologies) and Oligo(dT) 20 primer. mRNA expression analysis was performed using SYBR Green Master Mix (Life Technologies) on a LightCycler 96 Detection System (Roche) using GAPDH for normalization. Primers used in this study are listed in Supplementary Table 4 .
Statistical analysis
The sample size chosen to ensure adequate power to detect a pre-specified effect size was determined as previously described [37, 38] . All results are presented as the mean ± s.d. or mean ± s.e. as indicated in figure captions. The data in each group were analyzed using the unpaired, two-tailed Student's t-test or one-way ANOVA test. All data were analyzed for normal distribution and homogeneity of variance tests and considered to reflect significant differences if *P < 0.05, **P < 0.01, ***P < 0.001. Fig. 6 The MALAT1-KTN1-EGFR regulatory axis exists in vivo. MALAT1 ASO were injected into A431 cell xenografts every 2 days. a Loss of MALAT1 attenuates subcutaneous tumor growth in a mouse xenograft model. Tumor volumes (mm 3 ) were plotted according to days. Tumor volumes statistical data represent the average of five independent experiments ± s.d, respectively. b The mice were sacrificed at the end of the experiment and images taken along with the dissected tumors from five representative mice are shown. Black arrows indicate NC ASO-treated xenografts while white arrows indicate MALAT1 ASO-treated xenografts. c The expression of MALAT1 in the dissected tumors was measured by qRT-PCR. qRT-PCR statistical data represent the average of three independent experiments ± s.d, respectively. d The protein expression of KTN1 and EGFR was detected in the xenografts. e RNA in situ hybridization assay was used to detect expression of MALAT1 in NC and MALAT1 ASO-treated xenografts. Scale bar, 50 µm. f Histopathology analysis (IHC staining) showing the marked loss of the expression of EGFR and KTN1 in xenografts. Scale bar, 100 µm. *P < 0.05, **P < 0.01, ***P < 0.001. g The model depicts the roles of the MALAT1-KTN1-EGFR regulatory axis. In cSCC tumors, the aberrantly expressed MALAT1 interacts with c-MYC to form a complex, binds to the promoter region of KTN1 gene and transcriptionally enhances KTN1 expression. The upregulated KTN1 may associate with protein translation machine to promote EGFR expression at the protein level, which contributes to cSCC development
